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Dynamical back-action cooling of phonons in optomechanical systems having one optical mode is
well studied. Systems with two optical modes have the potential to reach significantly higher cooling
rate through resonant enhancement of both pump and scattered light. Here we experimentally
investigate the role of dual optical densities of states on optomechanical cooling, and the deviation
from theory caused by thermal locking to the pump laser. Using this, we demonstrate a room
temperature system operating very close to the strong coupling regime, where saturation of cooling
is anticipated.
PACS numbers: 42.50.-p, 42.50.Wk, 07.10.Cm
The cooling of nanomechanical resonators is important
for exploring the quantum behavior of mesoscale systems,
high precision metrology [1–3], and quantum comput-
ing [4, 5]. Developments in laser induced passive optical
feedback cooling [6] and dynamical back-action cooling
via ponderomotive forces [7–9] have enabled access to
the mechanical ground state [10–12] and the exploration
of quantum mechanical effects [13]. The cooling rate
achievable by such optomechanical mechanisms depends
on the optical density of states (DoS) available for light-
scattering and also increases with the intensity of the
cooling laser [14]. Resonant enhancement of the pump,
for instance through two-mode optomechanics, can thus
increase the cooling rate by enhancing the number of in-
tracavity photons. Such two-mode systems have enabled
experimental demonstration of phonon lasing [15, 16],
cooling [17], induced transparency [18] and are even the-
oretically predicted to allow access to the strong coupling
regime [19, 20].
Let us consider a general optomechanical system hav-
ing two optical modes; the lower mode ω1 hosts the res-
onantly enhanced pump laser, while the higher mode
ω2 hosts anti-Stokes scattered light. These two opti-
cal modes are coupled by a phonon mode of frequency
ΩB with the relation ΩB ≈ ω2 − ω1. There are now
two possibilities for the momentum associated with this
phonon mode. In conventional optomechanical cooling
the resonator supports standing-wave phonons, such as
in a breathing mode, having zero momentum qB = 0. Al-
ternatively, a whispering gallery resonator may support
a traveling wave phonon mode with non-zero momentum
qB 6= 0. For phase matching either process, momentum
conservation k1 + qB = k2 is necessary, which we illus-
trate in general in Fig. 1. When the phase matching con-
dition is satisfied, resonant pump light can scatter into
the anti-Stokes optical mode (ω2, k2) while annihilating
phonons from the system. Stokes scattering is simultane-
ously suppressed since no suitable optical mode is avail-
able. This leads to the insight that the resolved sideband
regime could also be achieved in momentum space, even
 Mom
entu
m
ΩB
-ΩB
ωL ωAS
ωS
(a)
(b)
Tapered waveguide
Pump laser
Acoustic WGM
Optical WGMs
Frequency
Resonator
Forward Brillouin scattering
k1
k2
qB
qB
-qB
(ω1, k1) (ω2, k2)
(ω1, k1)
(ω2, k2)
(ΩB, qB)
FIG. 1. (a) Generalized modal arrangement (phase match-
ing diagram) required for dynamical back-action cooling of a
(ΩB , qB) phonon mode in a resonator supporting two opti-
cal modes (ω1, k1) and (ω2, k2). Phase matching necessitates
consideration of both frequency and momentum separation.
Here ωL and ωAS(ωS) denote the frequencies of pump laser
and the anti-Stokes (Stokes) scattered light. Stokes scattered
light does not have a supporting optical mode and is thus sup-
pressed. (b) Our experiments are performed in a whispering
gallery microresonator that is optically coupled using a ta-
pered fiber waveguide. Optomechanical cooling of an acoustic
whispering gallery mode (WGM) having nonzero momentum
qB 6= 0 is achieved by means of forward Brillouin scattering.
if the optical modes are not resolved in frequency space,
enabling cooling with high fidelity selection of only anti-
Stokes scattering.
The existence of two-mode systems with qB 6= 0
phonon modes was experimentally verified recently [16].
Optomechanical cooling in these systems has been exper-
imentally demonstrated [17] and also theoretically ana-
lyzed [21, 22]. However, the expected role of optical DoS
in the cooling process has not been experimentally inves-
tigated. In this work, we study the dependence of cooling
rate on both pump and anti-Stokes optical DoS using the
Brillouin opto-acoustic cooling system [17] using a silica
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2whispering gallery resonator. We analyze the role of ther-
mal locking [23] and also discuss through experiment the
potential of reaching the strong coupling regime.
Our experiments are performed in a whispering gallery
resonator of optical Q > 108 with a diameter of about
150 µm as shown in schematics Fig. 1(b) and Fig. 2(a).
This device hosts two optical modes (ω1, k1) and (ω2, k2)
that are phase-matched by a traveling phonon mode
(ΩB , qB). The configuration of the optical modes is
shown in ω − k space in Fig. 1(a). The resonator modes
in consideration have loss rates κ1/2pi = 1.6 MHz and
κ2/2pi = 1.5 MHz, while the phonon mode is at ΩB/2pi =
260.9 MHz with loss rate ΓB/2pi = 31.3 kHz. Thus, our
system is in the resolved sideband regime (ΩB  κ1, κ2).
An external cavity diode laser (ECDL) tunable over the
C-band is used to pump the system. In this experiment
we pump near 1555 nm with 1.1 mW launched in the
waveguide. Light is coupled to the resonator via ta-
pered optical fiber with external coupling rate κex to
the resonator optical modes (Fig. 1(b)). The pump is
tuned to the (ω1, k1) mode while spontaneous anti-Stokes
scattering occurs to the (ω2, k2) mode. As shown in
Fig. 1(a), Stokes scattering is simultaneously suppressed
since no suitable optical mode is available. Forward scat-
tered optical power from the resonator couples out via
the tapered fiber and can be measured on a forward
photodetector; low-frequency transmission measurement
shows the optical modes, while high-frequency measure-
ment provides the frequency offset between pump and
spontaneously scattered light. An electro-optic modu-
lator (EOM) is used to generate a probe sideband, us-
ing which a network analyzer can monitor the detuning
∆2 = (ωL+ΩB)−ω2 between the scattered light and the
(ω2, k2) mode by means of Brillouin scattering induced
transparency (BSIT) [18]. This induced transparency is
illustrated in the network analyzer inset of Fig. 2(a).
The spectrum of the photocurrent SII(ω) generated
by pump and scattered light that appears on the forward
detector is related to the symmetrized spectral density of
the phonon mode Sbb(ω) [12, 24] via the relation
SII(ω) = N +
(
4κex|g0|2ncav
κ22 + 4∆
2
2
)
Sbb(ω) (1)
where the parameter g0 is the optomechanical single-
photon coupling strength, ncav is intracavity pump pho-
ton number in the (ω1, k1) mode, and N is the back-
ground noise floor. Thus, the measured RF spectrum
SII is a direct representation of the phonon mode spec-
trum Sbb(ω) and is scaled according to the experimental
parameters. To remove the dependence of this spectrum
on the number of intracavity photons in the resonator
ncav and the anti-Stokes field detuning ∆2, we perform
a normalization to obtain Sn(ω) =
(κ22+4∆
2
2)
4κex|g0|2ncavSII(ω)
(Fig. 2(b)). This Sn(ω) is then proportional to Sbb(ω)
but with an additional background noise floor. We
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FIG. 2. (a) Experimental setup used for investigating role
of optical DoS in Brillouin cooling. A fiber-coupled tunable
external cavity diode laser (ECDL) generates the pump field
which is tuned to the (ω1, k1) optical mode. The forward
scattered signals are measured using a photodetector, elec-
tronic spectrum analyzer, and electronic network analyzer,
using which the spectrum of the phonon mode and the anti-
Stokes detuning ∆2 can thus be quantified. Top-right inset
shows a fiber-transmission measurement of the two optical
modes (ω1, k1) and (ω2, k2) during a laser sweep. (b) The
normalized phonon spectrum Sn(ω) exhibits a cooling trend
with increasing the pump laser. Solid lines are Lorentzian fits
to the data. (c) The mode temperature Teff is presented as a
function of ∆2. It shows that the cooled mode temperature
does not follow a symmetric Lorentzian-type curve, which is
indicative that the pump optical density of states also affects
the cooling.
can then quantify the effective temperature Teff of the
phonon mode by fitting its spectral linewidth Γe, and
using the relation Teff = (ΓB/Γe)Tb, where Tb is the me-
chanical bath temperature (room temperature) and ΓB
is the intrinsic linewidth of the phonon mode [9]. We
note that Γe = ΓB + Γopt where Γopt is the optome-
chanical damping rate. The linewidth-temperature rela-
tion is derived from the equipartition theorem kBTeff =∫∞
−∞meω
2
oSbb(ω)dω [6].
Since the pump and anti-Stokes optical fields have a
well defined frequency offset ΩB , the detuning of the
anti-Stokes field from the cavity resonance ∆2 can be sim-
ply modified by tuning the frequency of the pump. Fig-
ure 2(c) shows the measured effective temperature of the
phonon mode Teff as a function of ∆2. As we reduce ∆2
from 2 MHz to 0 MHz, the mode reaches a final effective
temperature of Teff ∼ 138.3 K starting from 290 K. As an-
ticipated, the effective temperature rises again to 255 K
as we continue detuning to -2 MHz since the anti-Stokes
optical density of states (DoS) modifies the scattering ef-
ficiency. The defining cooling curve in Fig. 2(c) does not
3follow a symmetric Lorentzian shape, since the pump de-
tuning ∆1 is simultaneously modified in this experiment.
This result shows a clear evidence of the dependence of
the Brillouin cooling effect on the optical DoS of both the
pump and the anti-Stokes optical modes. The measur-
able mechanical frequency ΩB/2pi simultaneously tunes
from 260.87 MHz to 260.96 MHz through the associated
optical spring effect, as a function of detuning [25].
Let us now evaluate the characteristics of the phonon
mode spectrum Sbb(ω) under the influence of the cool-
ing laser. The Hamiltonian formulation for such op-
tomechanical systems with two optical modes has been
presented previously [21, 22]. The resulting quantum
Langevin equations enable derivation of the optomechan-
ical damping rate Γopt as follows:
Γopt =
4κ2|g0|2ncav
κ22 + 4∆
2
2
where ncav =
4κex|αin|2
κ21 + 4∆
2
1
(2)
and where the pump detuning is ∆1 = ωL − ω1. Here
|αin|2 is the rate of pump photons arriving at the cavity
from the waveguide. Clearly, both the pump and anti-
Stokes detunings, ∆1 and ∆2 affect the optical damp-
ing. The optomechanical damping rate Γopt given in
Eq. (2) leads us to envision a cooling scenario described
in Fig. 3(c), where the cooling rate is dependent on de-
tuning of the two optical signals to their respective modes
(∆1, ∆2). A Lorentzian cooling response is thus expected
on both independent detuning axes. However, we know
that the detuning parameters ∆1 and ∆2 are not inde-
pendent, since the optical mode spacing and the phonon
mode frequency are well determined. This is illustrated
in Fig. 3(a) where the pump signal ωL and anti-Stokes
light ωAS scan through the modes together since they
must remain equidistant (the separation is defined by
ΩB).
In reality, however, ultra-high-Q resonators do exhibit
significant thermal tuning in response to pumping even
in the sub-milliwatt regime. This primarily takes the
form of locking of the resonator mode to the pump laser
[23], and is illustrated in Fig. 3(b). The result is that the
intended pump detuning ∆o1 = ωL − ω1, i.e. the detun-
ing from the original pump resonance (ω1, k1), does not
generate a Lorentzian shaped cooling rate but instead
traces out a skewed response Fig. 3(d). Experiments
where measurable Brillouin cooling is to be observed re-
quire pump power in the > 10 microwatt regime, and fall
under this latter category. As a result, the true pump de-
tuning ∆1 = ωL−ω′1 for the locked mode at ω′1 is always
lower than the intended detuning ∆o1 = ωL − ω1.
Figure 4(a) shows the experimentally measured de-
pendence of the optomechanical damping rate Γopt on
the true pump detuning ∆1 and the anti-Stokes detun-
ing ∆2. To relate the measurement to Eq. (2), sev-
eral experimental parameters are required. The intra-
cavity photon number ncav and the true pump detun-
ing ∆1 can be inferred by measuring the power ab-
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FIG. 3. The role of two optical DoS on the optomechani-
cal damping rate Γopt. (a) Ideally, the pump (frequency ωL)
and anti-Stokes (frequency ωAS) detuning track together due
to the fixed acoustic mode frequency. (b) Practically, ther-
mal locking of the pump to its host optical mode causes the
true anti-Stokes detuning to vary faster than the true pump
detuning. ∆o1 is the intended detuning while ∆1 is the true
detuning. (c) Equation 2 predicts that Γopt is a Lorentzian
function with respect to either of the true detunings ∆1 and
∆2. (d) Due to thermal locking of the ω1 optical mode to the
pump laser, the true pump detuning ∆1 does not track the
intended pump detuning ∆o1 (see (b)), resulting in a skewed
cooling rate measured against ∆o1.
sorbed from the waveguide by the resonator. Specifically,
∆1 =
√
κ1κex
4
(Pwg
Pin
− κ1κex
)
where Pwg is the optical power
in the waveguide and Pin is the optical power absorbed by
the resonator. As mentioned above, the detuning ∆2 can
be directly measured using BSIT [18]. We can then pre-
dict the cooling rate Γopt based on Eq. (2) with all mea-
surable parameters being known, except g0/2pi = 2.6 Hz
which is extracted by fitting to the BSIT model. This
prediction leads to the 3d surface shown in Fig. 4(a) and
is in very good agreement with the experiment. Since
both pump and anti-Stokes detuning change together (see
Figs. 3(a),(b)), the results are not dependent only on one
optical DoS, but are affected by both simultaneously. As
predicted, the true pump detuning varies far less than
the anti-Stokes detuning due to thermal locking of the
pump optical mode.
We can now attempt to independently characterize the
role of the optical DoS of either optical mode. This
can be achieved by describing normalized cooling rate
ζ1 = Γopt/ncav, which is independent of the intracav-
ity photon number ncav and ∆1, and normalized cooling
rate ζ2 = Γopt(κ
2
2 + 4∆
2
2) which is independent of the
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FIG. 4. (a) Data points (red diamonds) are the mea-
sured optomechanical damping rate Γopt a function of pump
and anti-Stokes detuning ∆1 and ∆2. The 3d surface is the
predicted result based on Eq. (2), using the optomechanical
single-photon coupling strength g0/2pi = 2.6 Hz. The inset
shows the intracavity photon number ncav with respect to
∆1, as deduced from Eq. (2). (b) Dependence of η1 and (c)
η2 (see text) on anti-Stokes detuning ∆2 and pump detuning
∆1, respectively. Red dashed lines are derived from Eq. (2).
anti-Stokes detuning ∆2. In addition, we define the di-
mensionless numbers η1 , ζ1/ζ1.max and η2 , ζ2/ζ2.max
where ζ1.max and ζ2.max are the maximum value of ζ1 and
ζ2 at resonances, i.e. at ∆2 = 0 and ∆1 = 0 respectively.
In Fig. 4(b) we see that the normalized measurement η1
exhibits clear Lorentzian dependence on the anti-Stokes
detuning ∆2. This result is similar to what is expected
from resolved-sideband optomechanical cooling [11]. Ad-
ditionally, since we know the dependence of the intracav-
ity photon number ncav on pump detuning ∆1, we are
able to plot (in Fig. 4(c)) the normalized measurement
η2 against the pump detuning ∆1 directly, without being
affected by the anti-Stokes mode detuning. There is thus
a clear contribution of the DoS in both optical modes on
the resulting phonon dissipation rate.
A special feature of two-mode optomechanical cooling
systems is that the pump laser is resonant in the optical
mode (ω1, k1). These systems can thus support a very
large amount of intracavity photons (ncav > 10
9) com-
pared to what is achievable in single-mode optomechan-
ics [10–12]. As a result, the ratio of the light-enhanced
optomechanical coupling strength G = g0
√
ncav to the
optical loss rate κ2 can be increased significantly, imply-
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FIG. 5. (a) Transmission of a probe laser tuned the anti-
Stokes optical mode (ω2, k2) is measured through the op-
tical waveguide, while a fixed pump laser is tuned on the
lower (ω1, k1) optical mode. The red-dotted line indicates the
dip induced by absorption into the anti-Stokes mode with-
out optomechanical coupling (G ∼ 0) i.e. zero pump. For
non-zero optomechanical coupling, an EIT-like induced trans-
parency (mode splitting) appears in the (ω2, k2) mode due
to destructive interference mediated by phonons [18]. The
blue markers show experimental data while the blue-bold
line shows the fit to theory. In this data, the ratio of the
light-enhanced optomechanical coupling strength to the op-
tical loss is G/κ2 ≈ 0.35, with κ2/2pi = 1.1 MHz. (b) The
mechanical noise spectrum is measured at the photodetector
SII for acoustic mode frequency ΩB/2pi = 164.8 MHz. The
red data corresponds to phonon linewidth ΓB/2pi = 33.9 kHz
measured under very low optical pumping at room tempera-
ture. The blue data corresponds to G/κ2 ≈ 0.35, and shows
ΓB/2pi = 592.3 kHz (effective mode temperature of 16.6 K).
ing that two-mode systems could potentially reach the
strong coupling regime where G ≥ κ2, even at room tem-
perature. To explore this possibility, we arrange a system
that has optical loss rates κ1/2pi ≈ κ2/2pi = 1.1 MHz and
acoustic loss rate ΓB/2pi = 33.9 kHz with mechanical fre-
quency ΩB/2pi = 164.8 MHz. Due to the optomechan-
ical coupling, we anticipate the appearance of induced
transparency in the anti-Stokes mode (ω2, k2) [18], which
evolves into a mode splitting effect under strong coupling.
Figure 5(a) shows an experimental observation of this in-
duced mode splitting that is generated due to the large
circulating pump power (ncav = 10
10) in the system. By
fitting this observation to a mathematical model (Sup-
plement of [18]) we can obtain G/κ2 ≈ 0.35, which is
very close to the strong coupling regime. The observed
linewidth of the phonon mode is shown in Fig. 5(b),
both before and after cooling. We see that the effective
linewidth broadens to Γe/2pi = 592.3 kHz which is com-
parable to the optical loss rate of the anti-Stokes mode
κ2/2pi = 1.1 MHz. This result corresponds to a final
mode temperature of 16.6 K. The cooling rate is expected
to saturate at the optical loss rate κ2 when the system
reaches the strong coupling regime [26, 27]. Here, the
measured effective mode temperature is very close to the
estimated saturation temperature of 8.9 K.
In summary, we provided experimental verification
that Brillouin cooling is dependent on two optical DoS,
of both pump and anti-Stokes optical resonances. Ad-
5ditionally, we demonstrated that thermal locking of the
pump laser causes the optomechanical damping rate Γopt
to be asymmetric with respect to the laser detuning. Fi-
nally, we show that resonant enhancement of the pump
in a two-mode optomechanical cooling system enhances
the cooling rate significantly. Our room temperature ex-
perimental results show that the strong coupling regime
is well within reach, and may also pave the way to ex-
ploration of exploration of the saturation regime and
beyond-saturation cooling techniques [28].
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